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Chapter 1 Abstract
The effect of structure on the photophysical properties of six xanthene dye
thin films: Rh560, Rh19, Rh6G, RhB, Rh3B, and Rh640 is investigated. The
absorption spectra of all six dyes exhibit bathochromic shifts as the thickness of
the thin film is increased. Bathochromic shifts are also seen in the emission spectra
of the thin films with increased thickness. These shifts are attributed to the
formation of J-dimers as the concentration of the casting solution increases. The
quantum yields of the thin films are greatly reduced compared to the quantum yield
values in aqueous solutions.

Chapter 2 Abstract
Detection of diethylamine and hydrogen peroxide via rhodamine dye
fluorophores was determined. Rh640 showed little response to either analyte while
Rh700 showed response to both hydrogen peroxide and diethylamine, and Rh800
showed strong response to diethylamine but little response to hydrogen peroxide.
Rh700 and Rh800 both show promise as “turn-off” sensors for the detection of
analytes. The enhanced responsiveness of the Rh700 and Rh800 dyes when
compared to the Rh640 dye is attributed to the increased reactivity of the lower
substituent group on the xanthene dye backbone of the fluorophore.

Chapter 3 Abstract
The application of a three-layer sensor to the detection of hydrogen
peroxide, acetone, isopropyl alcohol, ethylamine, propylamine, butylamine,
diethylamine, and triethylamine is investigated. Post exposure to analyte all three
xanthene dyes used in the sensor creation (Rh640, Rh700, and Rh800) showed
strong response to amine analytes in both absorbance and emission spectra.
Rh700 and Rh800 showed stronger response to analytes than did Rh640. In the
presence of primary amines Rh800 sensors exhibited the formation of new peaks
in absorbance and emission spectra accompanied by the loss of the Rh800
fluorophore peak associated with the conversion of the carbon 9 group from a
nitrile to a secondary amine.
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Preface
The following dissertation is presented in a manuscript format consisting
of three chapters. The first chapter is titled “Structural and optical properties of
rhodamine dye thin films”. The second chapter is titled “In solution detection of
diethylamine and hydrogen peroxide using aqueous Rh700 and Rh800”. The
third and final chapter is titled “A three layer thin film sensor for the detection of
various analytes using Rh640, Rh700, and Rh800 fluorophores”.
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Chapter 1
Structural and optical properties of rhodamine dye thin films

Mara Dubnicka and William B. Euler

Department of Chemistry, University of Rhode Island, 140 Flagg Road, Kingston
Rhode Island 02881, United States

The following is presented in manuscript format. The manuscript is broken into
two sections, section 1.1 which consists of the body of the paper and section 1.2
which is supporting information to the manuscript. The manuscript has not been
submitted for publishing but is formatted in accordance with the Journal of
Physical Chemistry C.

1

Section 1.1
Introduction
Rhodamine dyes are readily available, relatively inexpensive, and well
known for having high quantum yields and strong absorption. 1–3 These properties
make rhodamine dyes of great interest in applications as sensors, photovoltaics,
and in biological systems.4–8 The aggregation of these dyes leads to changes in
the electronic states and spectral shifts in the absorption and fluorescence
spectra.3,9–12 Characterization of the spectral changes between monomers and
aggregates of the same dye is of interest in the development of sensors.
The molecular nature of dyes is strongly affected by and related to the
concentration and structure of the dye, the ionic strength, and the presence of
organic solvents.11 Generally, aggregation increases with increased dye
concentration, increased ionic strength, and in the presence of hydrophobic alkyl
chains in the molecule.11 In xanthene dyes, the absorption band of the dimer often
overlaps the first vibronic shoulder of the monomer band leading to increased
difficulty in the extraction of dimer parameters from fitting.13 The bonding forces of
dimers are often explained using hydrogen bonding and hydrophobic
interactions.13 The type of dimer observed is largely dependent upon the structure
of the dye being investigated, for example, rhodamine dyes often have J-type
dimers.14 In low concentrations of dye the structure is primarily in its monomer
form, as the concentration of the dye increases the formation of dimers and higherorder aggregates can be seen.15 General exciton theory can be used to describe
the geometry and properties of aggregates seen in dye species. Dimers are

2

typically broken into two types: H-dimers and J-dimers. The first dimer type, Hdimers, are nonfluorescent and are characterized by hypsochromic shifts in the
absorption spectra; in contrast, J-dimers are fluorescent and exhibit bathochromic
shifts in both the absorption and emission spectra.3,4,9,16,17 Fluorescence
spectroscopy is often used to study the surface properties of dyes.18 The
fluorescence quantum yield of rhodamine dyes, such as rhodamine 6G (Rh6G),
has been shown to decrease with increased concentration due to the formation of
aggregate species and self-quenching of the dye.12,19,20
This paper will investigate the structure of six rhodamine dyes in aqueous
solution and as thin films to elucidate the spectral and photophysical changes in
the dyes as the concentration is altered.

3

Experimental
Rhodamine 560 chloride (Rh560), rhodamine 19 (Rh19) perchlorate,
rhodamine 6G (Rh6G) chloride, rhodamine B (RhB) chloride, rhodamine 3B
(Rh3B) perchlorate, and rhodamine 640 (Rh640) perchlorate were obtained from
Exciton and used without further purification. A range of solutions were prepared
in water for solution analysis from 1 x 10-5 M to 1 x10-7 M. Solutions for thin film
preparation were made in 95 % ethanol in the concentration range of 1 x10 -3 M to
1 x10-6 M. Thin films were prepared on Borosilicate glass (BSG) substrates after
treatment of the substrate with sonication in 95 % ethanol and distilled water for
15 minutes each followed by blow drying in air.
Thin films were spin coated onto approximately 25 mm x 37.5 mm x 1 mm
BSG slides using a Laurell Technologies spin coater. A 150 µL portion of the dye
solution was placed onto the slide and the acceleration was set to 1200 rpm with
a maximum rotation set at 1200 rpm for 45 sec. The films were all prepared at low
humidity of less than 20%.
Absorption spectra were obtained for solutions and thin films using a
PerkinElmer Lambda 1050 spectrometer. The slit width was set to 2 nm and the
wavelength range was set to 350 to 850 nm; the integration time varied depending
upon the sample from 0.2 s to 10 s.
Fluorescence excitation and emission were obtained using a Horiba (Jobin Yvon)
Fluorolog spectrometer. A Xenon arc lamp was used as the light source. Solution
spectra were obtained using an integration time of 1 s to 10 s depending on the
concentration. All thin film spectra, regardless of concentration, were obtained
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using an integration time of 3 s. The excitation wavelength, for emission spectra,
was set to the maximum wavelength from the absorption spectra. For excitation
spectra the detection wavelength was set to the maximum emission wavelength.
All slit widths were set to 2 nm.
Quantum yields were obtained using a Shimadzu RF6000 spectrometer
equipped with an integrating sphere. The excitation wavelength used was set as
the maximum wavelength from the absorption spectra and the slits widths were
set to 2 nm for solution spectra. Thin film spectra were obtained using 1.5 nm
excitation slits and 10 nm emission slits.
Fluorescence lifetimes were obtained using a Horiba (Jobin Yvon) Fluorolog
spectrometer and a Horiba NanoLED N-460 pulsed diode laser as a light source
with a 464 nm wavelength. Emission wavelength detection was set at the
maximum emission wavelength with the slit width of the emission set to 10 nm.
SigmaPlot 13 was used for fitting of absorption and emission spectra. Global fits
were done using a sum of Gaussian peaks:
ƒ(𝜆) = ∑𝑛𝑖=1 𝑎𝑖 𝑒

−

𝑙𝑛2(𝜆−𝜆𝑖 )2
𝛤2
𝑖

(1)

where ƒ(λ) is the absorption or emission spectrum as a function of wavelength (λ),
λi is the wavelength maximum of peak i, Γi is the half width at half maximum for
peak i, and ai is the intensity of peak i. The summation is done over n peaks, where
n is chosen ats the smallest value for a satisfactory fit (r2>0.999). Spectra were fit
globally by constraining the wavelength maximum and half width at half maximum
to be the same regardless of solution concentration or film thickness. Fluorescence
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lifetime decay curves were fit using the Horiba Scientific Decay Analysis Software.
Decays were fit using a sum of exponentials:
𝐼(𝑡) = ∑𝑛1 𝑎 + 𝑏𝑛 ∗ 𝑒

−

𝑡
𝜏𝑛

(2)

where τn is the lifetime of the nth component of the fit. Aqueous solutions were fit
to one decay component while thin films were fit to two decay components.
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Results and Discussion
The structures of the six xanthene dyes used are shown in Scheme 1.1.1.
All dyes studied are monocations differing via the substituent group on the nitrogen
in the backbone of the molecule or the presence of either a carboxylic acid or an
ester group on the lower phenyl substituent of the xanthene ring. Rhodamine 560
(Rh560), rhodamine B (RhB), and rhodamine 640 (Rh640) all differ in structure
purely via the substituent group on the nitrogen. Rh560 is unsubstituted at the
nitrogen atoms, while Rh19 and Rh6G both have one ethyl group on each nitrogen,
RhB and Rh3B have two ethyl groups on the nitrogen atoms, and in Rh640 the
nitrogen atoms are part of two six membered alkyl rings. The structures of
Rhodamine 19 (Rh19) and Rhodamine 3B (Rh3B) are similar to the structures of
Rh6G and RhB, differing only in the presence of a carboxylic acid or ester
substituent on the phenyl substituent of the xanthene ring. The structures of Rh6G
and Rh3B both have an ester group on the phenyl substituent while the structures
of Rh19 and RhB have carboxylic acid groups on the phenyl substituent. With
increased steric hindrance of the alkyl groups on the nitrogen atoms in the
xanthene ring the dyes shift to longer wavelengths. The presence of an ester also
shifts the dye to longer wavelengths when compared to the same structure with a
carboxylic acid substituent. All six dyes exhibit strong absorption and fluorescence
in the visible region.
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Scheme 1.1.1. Structures of six xanthene dyes (Rh560, Rh19, Rh6G, RhB, Rh3B,
and Rh640) investigated.

The absorption spectra of the six dyes in water are shown in Figure 1.1.1.
The spectra of Rh560, Rh19, and Rh6G can be fit to two Gaussian peaks while
the spectra of RhB, Rh3B, and Rh640 can be fit to three Gaussian peaks. The fits
were done globally across the concentration range with the peak positions and
linewidths held constant across the concentrations. Fitting parameters are
described in Table 1.1.1. The oscillator strengths of the dyes were calculated using
the following equation21:
ƒ = 4.32𝑥10−9 ∫ 𝜀𝑚𝑜𝑙𝑎𝑟 (𝜗)𝑑𝜗

(3)

where ƒ is the oscillator strength calculated using the integration area of each peak
after plotting the spectra as a function of absorption coefficient vs. wavenumber
(ν), εmolar is the molar extinction coefficient. The lowest energy peaks found
correspond to monomers across the six dyes, additionally the highest energy
peaks found are consistent with vibronic shoulders for all six dyes. In RhB, Rh3B,
and Rh640 the lowest energy peak is associated with the monomer while the next
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two higher energy peaks are associated with vibronic transitions of the dyes. The
intensities of all components present in the dyes are roughly linearly correlated
with increasing concentration consistent with the absence of aggregates in
solution, except for the case of Rh19. In Rh19 both peaks exhibit concave
curvature

indicating

potential

aggregation

is

occurring

at

the

highest

concentrations. Plots of the spectral intensity as a function of the concentration
can be seen in Figure 1.2.1.

Table 1.1.1. Deconvoluted peak composition (using Gaussian lineshape) for
absorption and emission spectra of aqueous solutions and thin films using a global
fit, oscillator strengths of aqueous solutions are also included. All errors listed are
standard error.
Dye

Rh560

Rh19

Aqueous solution
Absorbance
λ (nm)
Γ (nm)
ƒ
476.3 ± 0.3
23.4 ± 0.2 0.34 ± 0.03
497.86 ± 0.02 12.70 ± 0.05 0.31 ± 0.03

Emission
Dye
λ (nm)
Γ (nm)
516.7 ± 0.2 9.3 ± 0.3
527 ± 1
12.8 ± 0.7
Rh560
543 ± 2
29.9 ± 0.8

501.1 ± 0.2 25.92 ± 0.09 0.23 ± 0.04 539.17 ± 0.09 8.7 ± 0.3
523.47 ± 0.02 13.11 ± 0.04 0.19 ± 0.05 551.5 ± 0.7 14.8 ± 0.4
Rh19
557.8 ± 0.3 38.9 ± 0.1
506.0 ± 0.1 26.96 ± 0.08 0.31 ± 0.05
528.22 ± 0.01 12.81 ± 0.03 0.29 ± 0.05

547.6 ± 0.2 10.3 ± 0.3
559 ± 1
14.1 ± 0.8
Rh6G
577 ± 2
31 ± 1

480.0 ± 0.3
11.2 ± 0.3 0.03 ± 0.02
520.9 ± 0.1
20.4 ± 0.1 0.22 ± 0.05
554.53 ± 0.03 14.554 ± 0.02 0.42 ± 0.03

570.8 ± 0.1 9.8 ± 0.2
582.1 ± 0.5 14.5 ± 0.4
RhB
604 ± 1
32.3 ± 0.8

483.6 ± 0.3
11.2 ± 0.4 0.03 ± 0.02
523.84 ± 0.09 19.7 ± 0.1 0.15 ± 0.03
559.32 ± 0.03 14.60 ± 0.02 0.30 ± 0.02

577.0 ± 0.1 10.8 ± 0.3
588.3 ± 0.9 15.1 ± 0.5
Rh3B
606 ± 2
34.8 ± 0.8

495.8 ± 0.4
14.9 ± 0.3 0.04 ± 0.02
538.72 ± 0.08 21.0 ± 0.2 0.19 ± 0.01
Rh640
575.71 ± 0.03 15.16 ± 0.02 0.33 ± 0.01

593.1 ± 0.1 11.6 ± 0.2
605.2 ± 0.9 16.2 ± 0.5
Rh640
628 ± 2
34 ± 1

Rh6G

RhB

Rh3B

Thin films
Absorbance
Emission
λ (nm)
Γ (nm)
λ (nm)
Γ (nm)
488.3 ± 0.7
28.4 ± 0.2
526.6 ± 0.3
11.0 ± 0.3
510.0 ± 0.2
14.8 ± 0.2
538.7 ± 0.3
13.4 ± 0.3
518.4 ± 0.4
19.4 ± 0.2
559 ± 1
25.5 ± 0.8
524.5 ± 0.6
23.1 ± 0.1
601 ± 5
53 ± 3
505.6 ± 0.4
25.5 ± 0.3 543.73 ± 0.07 12.8 ± 0.2
529.6 ± 0.2
40.6 ± 0.1
558 ± 1
18.8 ± 0.5
550.5 ± 0.1
19.5 ± 0.2
594.7 ± 0.2
22.5 ± 0.4
576.43 ± 0.06 12.32 ± 0.07
621 ± 4
46 ± 2
519.0 ± 0.3
30.7 ± 0.2
545.1 ± 0.1
14.3 ± 0.1
534.4 ± 0.4
12.7 ± 0.4
561.7 ± 0.1 16.82 ± 0.09
551.5 ± 0.2
13.9 ± 0.4
588.9 ± 0.3
25.7 ± 0.3
560 ± 1
18.0 ± 0.3
621 ± 2
44.1 ± 0.9
539.1 ± 0.3
30.6 ± 0.2
566.7 ± 0.1
12.7 ± 0.2
558.3 ± 0.3
12.9 ± 0.2 579.42 ± 0.05 14.21 ± 0.05
573.8 ± 0.4
16 ± 2
600.8 ± 0.1
14.6 ± 0.2
589.3 ± 0.3
12.7 ± 0.2
618.9 ± 0.8
34.5 ± 0.5
539.8 ± 0.4
30.5 ± 0.3
583.8 ± 0.3
15.6 ± 0.3
569.4 ± 0.2
15.4 ± 0.2
601.6 ± 0.2
13.0 ± 0.3
591.5 ± 0.2
17.8 ± 0.1
612 ± 1
17.0 ± 0.5
602 ± 4
53 ± 2
631 ± 2
47 ± 1
563.2 ± 0.4
35.4 ± 0.2
587.4 ± 0.3
11.6 ± 0.5
580.2 ± 0.2
12.7 ± 0.2
601.2 ± 0.4
14.2 ± 0.3
598.6 ± 0.3
18.0 ± 0.7
624.2 ± 0.8
14.8 ± 0.7
618.2 ± 0.2 14.06 ± 0.09
637 ± 5
48 ± 3

The absorption spectra and fits of the thin films are shown in Figure 1.1.2.
As is expected, increased casting solution of the dye yields thicker films and the
absorption spectra become more intense. Additionally, as the film thickness
increases there are changes in the lineshape of the spectrum and bathochromic
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shifts of the maximum wavelength of the dye. At the thinnest film Rh560 has a
maximum wavelength of 508 nm while at the highest thickness the wavelength is
525 nm. These bathochromic shifts are present across all six dyes with varied
magnitudes; Rh19 has a 22 nm shift, Rh6G a 30 nm shift, RhB a 19 nm shift, Rh3B
a 20 nm shift, and Rh640 a 22 nm shift in wavelength maximum. In all six dyes the
high energy shoulder also increases in intensity as the thickness of the film
increases. The absorption spectra of each of the six dyes were deconvoluted into
four component peaks. The parameters from these fits are in Table 1.1.1. Due to
the spin coating process involving evaporation dimerization can occur even in the
most dilute solutions.22 The bathochromic shifts in the peaks are consistent with
the presence of J-dimers in thick films of all six dyes. Each of the six dyes can be
broken into two sets of two peaks, two whose intensities show roughly concave
curvature with increasing concentration and two whose intensities show roughly
convex curvature. The correlation between the intensities of the four peak
components and the concentration of the casting solution can be seen in Figure
1.2.2.
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D

E

F

Figure 1.1.1. Absorption spectra of aqueous solutions with global fits (Gaussian
lineshapes) of A) Rh560, B) Rh19, C) Rh6G, D) RhB, E) Rh3B, and F) Rh640.
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D

E

F

Figure 1.1.2. Absorption spectra of xanthene dye thin films with global fits
(Gaussian lineshape) of A) Rh560, B) Rh19, C) Rh6G, D) RhB, E) Rh3B, F) Rh640.

The emission spectra of the thin films of the six dyes are shown in Figure
1.1.3. Like with the absorption spectra, the intensity and emission wavelength
maximum are strongly affected by the thickness of the thin film. With increasing
thickness, the emission maximum shifts to longer wavelengths. The largest shift in
wavelength maxima was seen in Rh19 which had a 56 nm shift; the smallest shift
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in wavelength maxima was seen with Rh560 and Rh640 which both had a 16 nm
shift in maxima. Rh6G had a 30 nm shift, RhB a 29 nm shift, and Rh3B a 30 nm
shift in emission maxima. The largest observed Stokes shift was seen in Rh19 at
1 x 10-3 M casting solution, this dye thin film had a 52 nm (1593 cm -1) Stokes shift
due to the large prominence of a low energy peak in both the absorption and
emission spectra of the dye. The smallest observed Stokes shift was seen for
Rh640 at 1 x 10-3 M solution casting concentration, at 5 nm (138 cm-1).
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F

Figure 1.1.3. Emission spectra of xanthene dye thin films with global fit (Gaussian
lineshape) of A) Rh560 excitation wavelength 506 nm, B) Rh19 excitation
wavelength 524 nm, C) Rh6G excitation wavelength 525 nm, D) RhB excitation
wavelength 551 nm, E) Rh3B excitation wavelength 560 nm, F) Rh640 excitation
wavelength 574 nm.

There was no clear trend of increasing or decreasing Stokes shift as a function of
film thickness observed, regardless of the dye being studied. All emission spectra
were deconvoluted into their component peaks using the same method as the
absorption spectra. Emission peaks were fit using four Gaussians regardless of
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the identity of the dye. In all dyes except for Rh3B thin films exhibited stronger
emission than the thicker films and the intensities of the peak components for the
dyes excluding Rh3B follow a roughly log normal distribution. The correlation of
the intensities of the component peaks and the spin casting solution concentration
can be seen in Figure 1.2.3. In Rh3B the emission intensity increased with
increasing film thickness.
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E

F

Figure 1.1.4. Normalized absorption, emission, and excitation spectra of xanthene
thin films made from 1 x 10-3 M spin casting solution of A) Rh560, B) Rh19, C)
Rh6G, D) RhB, E) Rh3B, and F) Rh640.

Figure 1.1.4 shows the normalized absorption, emission, and excitation
spectra of all six dyes for the thickest films. Plots of normalized absorption,
emission, and excitation spectra of the six dyes at thinner films are shown in Figure
1.2.4. In the thicker films the absorption and excitation spectra do not overlap while
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at the thinner film thickness the absorption and excitation spectra do overlap. In
general, the thicker films show a higher energy excitation maximum as compared
to the absorption maximum and generally show smaller linewidths and slightly
different lineshapes. This shift seen in the excitation spectra is consistent with the
presence of J-dimers, which would create a low energy wavelength shift in the
absorption spectra.
The fluorescence quantum yields of the 1 x 10-5 M solution casting thin films
were measured as shown in Table 1.1.2. The table also shows the quantum yields
of 1 x 10-6 M aqueous solution of the same six dyes.

Table 1.1.2. Quantum yields and lifetimes (ns) of xanthene dyes in aqueous
solution and as thin films. Aqueous solution values are reported for 1 x 10 -6 M
solutions and thin film values are reported for 1 x 10-5 M casting solutions. All errors
listed are standard error.
Dye
Rh110
Rh19
Rh6G
RhB
Rh3B
Rh640

Aqueous solution
Φ
τ (ns)
0.764 ± 0.006 4.015 ± 0.008
0.761 ± 0.007 3.822 ± 0.008
0.96 ± 0.03

3.788 ± 0.005

0.270 ± 0.008

1.49 ± 0.01

0.29 ± 0.02

1.32 ± 0.02

0.64 ± 0.02

4.018 ± 0.007

Dye
Rh110
Rh19
Rh6G
RhB
Rh3B
Rh640

Thin films
Φ
τ (ns)
0.026 ± 0.006
5.4 ± 0.1
0.040 ± 0.003

2.93 ± 0.02

0.042 ± 0.001

2.60 ± 0.02

0.046 ± 0.004

2.07 ± 0.01

0.07 ± 0.05

1.071 ± 0.006
6.4 ± 0.2
0.014 ± 0.003 2.05 ± 0.04

The quantum yields of the thin films are greatly reduced as compared to the
quantum yields of the aqueous solutions. Quantum yields of RhB and Rh3B were
much smaller in aqueous solution than the other four dyes’ quantum yields were.
In contrast, the thin films of these two dyes show the highest two quantum yields
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compared to the remaining four dyes. Fluorescence lifetimes of RhB and Rh3B
were also significantly shorter than Rh560, Rh19, Rh6G, or Rh640 in aqueous
solution, while in thin films the fluorescence lifetime decreases with increasing size
of the substituent on the nitrogen in the xanthene ring except in the case of Rh3B
where the longest lifetime is seen. Fluorescence lifetime decay curves can be seen
in Figure 1.2.5. The fluorescence lifetimes of the aqueous solutions were able to
be fit to just one lifetime component while the thin film lifetimes required two
components for fitting. In thin films the lifetime components less than one
nanosecond are attributed to scattering and not included in Table 1.1.2.
As the substituent on the nitrogen in the xanthene ring increases in size the
wavelength maxima of the dye exhibit a bathochromic shift. A bathochromic shift
is also seen in the change of a carboxylic acid substituent to an ester substituent
on the phenyl substituent of the xanthene ring. Rh19 exhibits extremely strong
absorption and fluorescence intensity in low energy wavelengths as compared to
the other six dyes.
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Conclusion
The spectroscopic properties of thin films of Rh560, Rh19, Rh6G, RhB,
Rh3B, and Rh640 formed via spin-casting were investigated. At the thinnest films
the dyes exhibit absorption spectra similar to that of the monomer in aqueous
solution, as the thickness of dye increases the absorption spectra exhibit
bathochromic shifts indicative of J-dimer formation. The formation of dimer species
leads to quenching in the emission spectrum.
The quantum yields of the thin films were markedly decreased compared to
the quantum yields in aqueous solution while the fluorescence lifetimes required
an increased number of components to effectively fit the decay curve.
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Figure 1.2.1. Correlation between fit components and absorbance intensity of the
six xanthene dyes in aqueous solution. A) Rh560, B) Rh19, C) Rh6G, D) RhB, E)
Rh3B, and F) Rh640.
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Figure 1.2.2. Correlation between fit components and absorbance intensity of the
six xanthene dyes as a function of spin casting concentration. A) Rh560, B) Rh19,
C) Rh6G, D) RhB, E) Rh3B, and F) Rh640.
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Figure 1.2.3. Correlation between fit components and emission intensity of the six
xanthene dyes as a function of spin casting concentration. A) Rh560, B) Rh19, C)
Rh6G, D) RhB, E) Rh3B, and F) Rh640.
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Figure 1.2.4. Emission spectra of xanthene dyes in water with global fit (Gaussian
lineshape) of A) Rh560 excitation wavelength 496 nm, B) Rh19 excitation
wavelength 521 nm, C) Rh6G excitation wavelength 526 nm, D) RhB excitation
wavelength 554 nm, E) Rh3B excitation wavelength 559 nm, F) Rh640 excitation
wavelength 575 nm.
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Figure 1.2.5. Normalized absorption, emission, and excitation spectra of xanthene
thin films from 1 x 10-5 M casting solutions of A) Rh560, B) Rh19, C) Rh6G, D)
RhB, E) Rh3B, and F) Rh640.
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B

A

Figure 1.2.6. Fluorescence lifetimes of xanthene dyes in A) 1 x 10 -6 M aqueous
solution and B) thin films from 1 x 10-5 M spin casting solution.
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Section 2.1
Introduction
Amines are prevalent in drug synthesis, environmental applications, and
biological importance.1–6 Colorimetric sensors can achieve rapid detection of
amines in solution or as vapors.7 One of the more common organic amines is
diethylamine. Diethylamine can cause harm to the human body and lead to
diseases such as cancer.1 It is therefore of interest to obtain a rapid and sensitive
method for diethylamine detection in a variety of different samples. Hydrogen
peroxide is a molecule of interest with its biological indications, industrial usage,
environmental prevalence, and as an explosive precursor. 8–15 The wide
applications of hydrogen peroxide make reliable detection of the molecule
important.
Commonly used methods of detection for diethylamine and hydrogen
peroxide include gas chromatography mass spectrometry (GC-MS), amperometry,
electrochemical detection, enzyme-based sensors, Raman spectroscopy, and
high performance liquid chromatography (HPLC).3,8,9,13,14 These detection
methods can be costly and often require training and complicated sample
preparation. In contrast, fluorescence spectroscopy offers highly sensitive
detection with good selectivity, fast responsivity and is simple and cost-effective to
operate.1,12 The ability of fluorophores to react with specific functional groups can
be harnessed for ease of detection and for labeling purposes. 7 Fluorescence
quenching, where there is signal in the absence of analyte which disappears in the
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presence of the analyte, is often used as a method of detection of analytes and is
typically referred to as a “turn-off” sensor.
Rhodamine dyes present a promising application as sensor materials due
to their high absorption and strong fluorescence.16–19 Rhodamines are also readily
available and relatively inexpensive.20,21 A wide variety of rhodamine dyes are
available with absorption and emission maxima ranging the visible spectrum.
These dyes are often used in sensors due to their clear visual and spectroscopic
changes.
Rhodamine 640, rhodamine 700, and rhodamine 800 were chosen for
investigation in this study due to prior detection success with these species by the
group20,22 and initial response to test analytes.
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Experimental
Rhodamine 640 perchlorate (Rh640), rhodamine 700 perchlorate (Rh700),
and rhodamine 800 perchlorate (Rh800) were purchased from Exciton and used
without further purification. Diethylamine was obtained from Sigma Aldrich and 3
% hydrogen peroxide was obtained from CareOne, both were used without further
purification. Dye solutions were prepared in water at concentrations ranging from
1 x 10-5 M to 1 x 10-7 M.
Absorption spectra of solutions were obtained using a PerkinElmer Lambda
1050 spectrometer. The slit width was set to 2 nm and spectra were obtained
between 200 nm and 850 nm. The integration time was set depending on the
concentration of the sample, and ranged from 0.2 s to 10 s.
Fluorescence excitation and emission spectra were obtained using a Horiba
(Jobin Yvon) Fluorolog spectrometer. The light source used was a Xenon arc lamp.
Solution spectra were obtained with integration times between 0.1 s and 10 s
depending on the sample. All slit widths were set to 2 nm. Emission spectra were
obtained using the absorption maximum as the excitation wavelength. Excitation
spectra were obtained by using the emission maximum as the detection
wavelength. Emission spectra were obtained first for each sample then excitation
spectra were run immediately after the emission spectrum was obtained.
All baseline corrections were done in PeakFit v4.12 and further data
analysis was done using SigmaPlot 13.
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Results and Discussion
The three dyes used in this study were chosen based on preliminary results
showing a visible color change of Rh700 and Rh800 in the presence of analytes.
All three dyes have the same xanthene backbone and perchlorate counterion, the
structural changes in the dye molecules are based entirely on the lower substituent
group of the xanthene ring. Scheme 2.1.1 shows the xanthene ring structures.
Rh640 has a phenyl ring substituent group with a carboxylic acid group on the
phenyl ring, Rh700 has a trifluoromethyl group directly substituted on the
xanthene, and Rh800 has a nitrile group substituted directly on the xanthene ring.

Scheme 2.1.1. Structures of the three xanthene dyes used in this study Rh640,
Rh700, and Rh800.
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The three dyes were assessed as to their ability to detect both 3 % hydrogen
peroxide and diethylamine analytes using two different methods. The first method
used was to take 3 mL of dye solution and dope in different amounts of analyte.
After analyte doping the sample was mixed and allowed to equilibrate for 5 minutes
before the spectra were run. In the second method a set amount of analyte was
doped into 3 mL of dye solution and then spectra were taken every 5 minutes over
the course of one hour to monitor the kinetic interactions of the analyte and the
dye.
Rh640 did not show any significant response to either the 3 % hydrogen
peroxide or the diethylamine analytes. Figures 2.2.11 to 2.2.18 show the behavior
of Rh640 with both hydrogen peroxide and diethylamine doping. There was slightly
more response seen with the 3 % hydrogen peroxide than with the diethylamine,
however, neither analyte saw a change of greater than 10 % in either the
absorbance or emission of the dye.
Rh700 exhibited much more significant response with both the 3 %
hydrogen peroxide and the diethylamine. With 100 μL of 3 % hydrogen peroxide
doping Rh700 showed a 22 % decrease in absorbance intensity and a 16 %
decrease in emission intensity as seen in Figure 2.2.22. Addition of 50 μL of 3 %
hydrogen peroxide over the course of one hour yielded similar results also seen in
Figure 2.1.1. The response of the Rh700 was even more significant to the
diethylamine analyte. Absorbance intensity and emission intensity of the sample
were negligible after just 15 μL of analyte addition and addition of 2.5 μL of
diethylamine monitored over the course of one hour also yielded a complete loss
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in the signal of the dye molecule as seen in Figure 2.1.2. Full behavior of the
Rh700 dye with doping of hydrogen peroxide and diethylamine can be seen in
Figures 2.2.19 to 2.2.24.

B

A

Figure 2.1.1. Rh700 in water with 50 μL of 3 % hydrogen peroxide over 1 hour in
A) absorbance spectra and B) emission spectra (excitation wavelength: 642 nm).

B

A

Figure 2.1.2. Rh700 in water with 2.5 μL of diethylamine over 1 hour in A)
absorbance spectra and B) emission spectra (excitation wavelength: 642 nm).

Rh800 showed strong response to diethylamine but did not show significant
response to the 3 % hydrogen peroxide. In the presence of 3 % hydrogen peroxide
there is a less than 10 % change in the absorbance and the emission intensities
of the Rh800 dye. In contrast, a strong response to diethylamine was detected with
the Rh800. Figure 2.1.3 shows that in the absorbance spectra with diethylamine
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there is a strong decrease of the signal at the dye peak around 686 nm while there
is the formation of a new peak around 400 nm. The emission spectra also showed
a strong loss in signal with the presence of diethylamine. The formation of a new
peak in the absorbance spectra of the Rh800 led to further kinetic studies seen in
Figures 2.2.32 to 2.2.37. A range of dye concentrations were doped with 50 μL of
diethylamine and monitored over the course of one hour. The concentrations
showed about an 80 % decrease in signal from the dye peak over the hour
concurrent with the formation of a peak at around 400 nm. Full response of the
Rh800 to analyte doping is seen in Figures 2.2.25 through 2.2.31.

A

B

Figure 2.1.3. Rh800 in water with 50 μL of diethylamine over 1 hour in A)
absorbance spectra and B) emission spectra (excitation wavelength: 686 nm).

The difference in the response of the Rh700 and Rh800 dyes to the analytes
as compared to the Rh640 dye indicates an interaction of the analyte with the
xanthene ring substituent. The phenyl ring on the Rh640 illustrates little to no
interaction with the analytes while the trifluoromethyl and nitrile groups of the
Rh700 and Rh800 dyes both react with the analytes yielding a signal change in
the absorbance and emission spectra.
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Conclusion
The response of Rh640, Rh700, and Rh800 to 3 % hydrogen peroxide and
diethylamine were investigated. The Rh640 dye showed little to no interaction with
either analyte, likely due to the constraint of the phenyl substituent group on the
xanthene backbone. The more reactive trifluoromethyl substituent on the Rh700
yielded a strong response to both the hydrogen peroxide and the diethylamine
while the nitrile group of the Rh800 yielded a strong reaction to diethylamine and
a negligible response to hydrogen peroxide. Additionally, the formation of a new
peak was seen in the Rh800 absorbance spectra with the presence of diethylamine
which was not seen in either the Rh640 or the Rh700 dyes.
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Section 2.2
Supporting information

B

A

C

Figure 2.2.1. Beer’s law plots of A) Rh640 ε = 81300 M-1cm-1, B) Rh700 ε = 79000
M-1cm-1, and C) Rh800 ε = 56000 M-1cm-1.
B

A

Figure 2.2.2. Rh640 in water absorbance spectra A) baseline corrected and B)
normalized.
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B

A

Figure 2.2.3. Rh700 in water absorbance spectra A) baseline corrected and B)
normalized.
B

A

Figure 2.2.4. Rh800 in water absorbance spectra A) baseline corrected and B)
normalized.
B

A

Figure 2.2.5. Rh640 in water emission spectra, excitation wavelength: 575 nm A)
baseline corrected and B) normalized.
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B

A

Figure 2.2.6. Rh700 in water emission spectra, excitation wavelength: 642 nm A)
baseline corrected and B) normalized.
B

A

Figure 2.2.7. Rh800 in water emission spectra, excitation wavelength: 686 nm A)
baseline corrected and B) normalized.
B

A

Figure 2.2.8. Rh640 in water excitation spectra, detection wavelength: 596 nm A)
baseline corrected and B) normalized.
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B

A

Figure 2.2.9. Rh700 in water excitation spectra, detection wavelength: 671 nm A)
baseline corrected and B) normalized.
B

A

Figure 2.2.10. Rh800 in water excitation spectra, detection wavelength: 709 nm
A) baseline corrected and B) normalized.
B

A

Figure 2.2.11. Rh640 in water with diethylamine and various amounts of analyte
doping in A) absorbance spectra and B) emission spectra (excitation wavelength:
575 nm).
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B

A

Figure 2.2.12. Rh640 in water with 50 μL of diethylamine over 1 hour in A)
absorbance spectra and B) emission spectra (excitation wavelength: 575nm).

B

A

Figure 2.2.13. Absorbance 1x10-5 M Rh640 in water with diethylamine addition. A)
addition of varied analyte amounts and B) addition of 50 μL of diethylamine over
the course of one hour.
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B

A

C

Figure 2.2.14. Emission (excitation wavelength: 575 nm) of 1x10 -5 M Rh640 in
water with diethylamine addition. A) addition of varied analyte amounts, B) addition
of 50 μL of diethylamine over the course of one hour and C) Stern-Volmer plot.
B

A

Figure 2.2.15. Rh640 in water with 3 % hydrogen peroxide in various amounts of
analyte doping in A) absorbance spectra and B) emission spectra (excitation
wavelength: 575 nm).
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B

A

Figure 2.2.16. Rh640 in water with 50 μL of 3 % hydrogen peroxide over 1 hour in
A) absorbance spectra and B) emission spectra (excitation wavelength: 575 nm).
B

A

Figure 2.2.17. Absorbance of 1x10-5 M Rh640 in water with 3 % hydrogen peroxide
addition. A) addition of varied analyte amounts and B) addition of 50 μL of 3 %
hydrogen peroxide over the course of one hour.
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B

A

C

Figure 2.2.18. Emission (excitation wavelength: 575 nm) of 1x10 -5 M Rh640 in
water with 3 % hydrogen peroxide addition. A) addition of varied analyte amounts,
B) addition of 50 μL of 3 % hydrogen peroxide over the course of one hour, and C)
Stern-Volmer plot.
B

A

Figure 2.2.19. Rh700 in water with diethylamine in various amounts of analyte
doping in A) absorbance spectra and B) emission spectra (excitation wavelength:
642 nm).
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B

A

Figure 2.2.20. Absorbance of 1x10-5 M Rh700 in water with diethylamine addition.
A) addition of varied analyte amounts and B) addition of 2.5 μL of diethylamine
over the course of one hour.
B

A

C

Figure 2.2.21. Emission (excitation wavelength: 642 nm) of 1x10 -5 M Rh700 in
water with diethylamine addition. A) addition of varied analyte amounts, B) addition
of 2.5 μL of diethylamine over the course of one hour, and C) Stern-Volmer plot.
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B

A

Figure 2.2.22. Rh700 in water with 3 % hydrogen peroxide in various amounts of
analyte doping in A) absorbance spectra and B) emission spectra (excitation
wavelength: 642 nm).
B

A

Figure 2.2.23. Absorbance of 1x10-5 M Rh700 in water with 3 % hydrogen peroxide
addition. A) addition of varied analyte amounts and B) addition of 50 μL of 3 %
hydrogen peroxide over the course of one hour.
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A

C

Figure 2.2.24. Emission (excitation wavelength: 642 nm) of 1x10 -5 M Rh700 in
water with 3 % hydrogen peroxide addition. A) addition of varied analyte amounts,
B) addition of 50 μL of 3 % hydrogen peroxide over the course of one hour, and C)
Stern-Volmer plot.
B

A

Figure 2.2.25. Rh800 in water with diethylamine in various amounts of analyte
doping in A) absorbance spectra and B) emission spectra (excitation wavelength:
686 nm).
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B

A

Figure 2.2.26. Absorbance of 1x10-5 M Rh800 in water with diethylamine addition.
A) addition of varied analyte amounts and B) addition of 50 μL of diethylamine over
the course of one hour.
B

A

C

Figure 2.2.27. Emission (excitation wavelength: 686 nm) of 1x10 -5 M Rh800 in
water with diethylamine addition. A) addition of varied analyte amounts, B) addition
of 50 μL of diethylamine over the course of one hour, and C) Stern-Volmer plot.
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B

A

Figure 2.2.28. Rh800 in water with 3 % hydrogen peroxide in various amounts of
analyte doping in A) absorbance spectra and B) emission spectra (excitation
wavelength: 686 nm).
B

A

Figure 2.2.29. Rh800 in water with 50 μL of 3 % hydrogen peroxide over 1 hour in
A) absorbance spectra and B) emission spectra (excitation wavelength: 686 nm).
B

A

Figure 2.2.30. Absorbance of 1x10-5 M Rh800 in water with 3 % hydrogen peroxide
addition. A) addition of varied analyte amounts and B) addition of 50 μL of 3 %
hydrogen peroxide over the course of one hour.
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B

A

C

Figure 2.2.31. Emission (excitation wavelength: 686 nm) of 1x10 -5 M Rh800 in
water with 3 % hydrogen peroxide addition. A) addition of varied analyte amounts,
B) addition of 50 μL of 3 % hydrogen peroxide over the course of one hour, and C)
Stern-Volmer plot.
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Figure 2.2.32. 1x10-5 M Rh800 in water with 2 μL of diethylamine over one hour.
Solid lines are exponential decay (for black line) or exponential growth (for red line)
fits to scatter data. Rate constants from the fits are 0.0289 M-1min-1 (decay) and
0.0599 M-1min-1 (growth).
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Figure 2.2.33. 9x10-6 M Rh800 in water with 2 μL of diethylamine over one hour.
Solid lines are exponential decay (for black line) or exponential growth (for red line)
fits to scatter data. Rate constants from the fits are 0.0231 M-1min-1 (decay) and
0.0485 M-1min-1 (growth).
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Figure 2.2.34. 7x10-6 M Rh800 in water with 2 μL of diethylamine over one hour.
Solid lines are exponential decay (for black line) or exponential growth (for red line)
fits to scatter data. Rate constants from the fits are 0.0235 M-1min-1 (decay) and
0.0445 M-1min-1 (growth).
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Figure 2.2.35. 5x10-6 M Rh800 in water with 2 μL of diethylamine over one hour.
Solid lines are exponential decay (for black line) or exponential growth (for red line)
fits to scatter data. Rate constants from the fits are 0.0319 M-1min-1 (decay) and
0.0559 M-1min-1 (growth).
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Figure 2.2.36. 3x10-6 M Rh800 in water with 2 μL of diethylamine over one hour.
Solid lines are exponential decay (for black line) or exponential growth (for red line)
fits to scatter data. Rate constants from the fits are 0.0382 M-1min-1 (decay) and
0.0306 M-1min-1 (growth).
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Figure 2.2.37. 1x10-6 M Rh800 in water with 2 μL of diethylamine over one hour.
Solid lines are exponential decay (for black line) or exponential growth (for red line)
fits to scatter data. Rate constants from the fits are 0.0476 M-1min-1 (decay) and
0.0261 M-1min-1 (growth).
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A three layer thin film sensor for the detection of various analytes using Rh640,
Rh700 and Rh800 fluorophores
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future.
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Section 3.1
Introduction
Poly(vinylidene difluoride) (PVDF) is a well-known electroactive polymer.
This polymer typically consists of one of three main phases. The α-phase is
nonpolar, while the β- and γ-phases are both polar.1 The β-phase of the polymer
is considered the most interesting due to its strong ferroelectric and piezoelectric
character. In previous studies by the group a decrease in the quenching associated
with aggregation of dye molecules is seen when a fluorophore layer is placed on
top of a polymer layer.2 The increased signal seen with the presence of a
fluorophore layer on top of a PVDF layer makes for a useful application in optical
sensor materials.
Detection of gas-phase materials is widely used and is of high interest in a
number of different fields including environmental pollutant monitoring, explosives
monitoring and disease monitoring.3–8 The presence of hydrogen peroxide can be
linked to the detection of peroxide-based explosives9–12 and accumulation of
hydrogen peroxide can be indicative of neurodegenerative diseases.13 Acetone
presence can be linked to environmental pollutants from industry 14 and as a
disease marker of diabetes.14,15 Isopropyl alcohol can be identified as a biomarker
of lung cancer.16 Organic amines have been linked to food freshness17 and volatile
organic amines are widely used in a number of different industries.18 Some amines
such as diethylamine (DEA) and triethylamine (TEA) are linked to varied health
effects19 and TEA can be explosive.20 The wide variety of applications and health
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effects or disease markers seen with these types of analytes makes their detection
of particular interest.
Many of these analytes are typically detected using methods such as gas
chromatography mass spectrometry (GCMS), liquid chromatograph mass
spectrometry (LCMS) or other costly methods.4,20–22 Optical spectroscopy offers
an easy-to-use cost-effective analysis method when compared to these typically
used methods.23 Fluorescence emission spectroscopy has been shown to have
low detection limits, high sensitivity, and selectivity especially with the use of
xanthene dyes.24–27
The application of a three-layer sensor system, used to successfully detect
gas-phase explosives28, to the detection of a variety of analytes with varied
functional groups will be investigated.
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Experimental
Rhodamine 640 (Rh640), rhodamine 700 (Rh700), and rhodamine 800
(Rh800) dyes were obtained from Exciton and used without further purification.
HPLC grade acetone and 30 % hydrogen peroxide were obtained from Fisher,
66.0 – 72.0 % ethylamine (EA), diethylamine (DEA), and triethylamine (TEA) were
obtained from Sigma Aldrich, propylamine (PA) was obtained from Fluka
Analytical, butylamine (BA) was obtained from Acros Organics and isopropyl
alcohol (IPA) was obtained from Pharmaco all were used without further
purification.
Borosilicate glass slides were cut to approximately 12.5 mm by 37.5 mm in
size. Once cut the slides were sonicated for 15 minutes in 95 % ethanol then 15
minutes in distilled water and dried under nitrogen. Poly(vinylidene difluoride)
(PVDF) solution for spin casting was prepared in 3 % by weight solution in 9:1
acetone/dimethylformamide (DMF) solution. The PVDF solution was then
sonicated for 3 hours at 40 °C to fully dissolve the polymer. Once the polymer
solution was prepared the three layer sensor could be prepared. First a polymer
layer of the PVDF was cast onto the glass slide substrate. 275 μL of polymer
solution were placed onto the glass slide and then spun at 1200 rpm for 45 sec.
Once the slide was coated with a layer of polymer 200 μL of 1 x 10-3 M dye solution
in ethanol was spun coat onto the slide on top of the polymer using the same
coating parameters.
Thickness measurements were done using a Filmetrics F40 thin-film
analyzer and surface profiles of the thin films were obtained with a Profilm 3D.
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FTIR characterization was done using a PerkinElmer Spectrum 100. LCMS
spectra were taken on a Shimadzu LCMS-2020.
Absorption spectra were taken using a PerkinElmer Lambda 1050
spectrometer. The slit width was set to 2 nm and the wavelength range of the
spectra was set to between 200 nm and 850 nm; the integration time varied
depending on the sample from 0.5 s to 2 s.
Fluorescence emission spectra were taken using a Horbia (Jobin Yvon)
Fluorolog spectrometer. A Xenon arc lamp was used as the light source. All slit
widths were set to 2 nm and the integration time of the samples was set to between
0.5 s and 2 s. Two different excitation wavelengths were used for each of the three
fluorophores, depending on the structure of the dye. One high energy excitation
wavelength was used to obtain emission spectra which spanned lower into the
wavelength range of the visible spectrum. An additional excitation wavelength at
approximately the absorbance maximum of the fluorophore was used to obtain a
second set of emission spectra for each sensor.
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Results and Discussion
Scheme 3.1.1. shows the three-layer structure of the sensor used for the
analyte detection and the structures of the three dyes used in the study. The PVDF
was spun coat onto a glass slide of about 1 mm thick in a polymer thickness of
approximately 530 nm. Humidity of the spin coater was controlled via nitrogen gas
flushing as the group has shown that the surface of the polymer is strongly affected
by the humidity of the atmosphere.28 The fluorophore was then spun coat on top
of the polymer layer forming a few nm thick dye layer. With the spin casting
parameters used the PVDF film was found to be in a mixture of polar β- and γphases. The phase composition of the PVDF polymer was confirmed via FTIR
spectroscopy seen in Figure 3.2.1. The three rhodamine dyes structures all share
the same xanthene backbone and perchlorate counterion, varying only in the lower
substituent group of the xanthene backbone. Reflectance spectra was used to
determine the thickness of the polymer layer; however, the thicknesses of the dye
layers were not able to be accurately measured using the reflectance spectra.
Looking at the absorbance intensity of the spectra all of the dyes had intensities of
between 0.05 and 0.1 leading to a dye layer of greater than one monolayer thick
based on prior studies.29

68

Scheme 3.1.1. Three-layer sensor system and fluorophore structures.

Exposure of the three-layer sensor system was done in a 20 mL glass vial
for 10 minutes. Visual color changes were seen with the amine analytes in under
one minute, but exposure time frame was kept standard across all samples. A 25
μL sample of analyte was placed in the bottom of the vial and then a sensor slide
was placed into the vial (careful to avoid submerging any of the sensor in analyte)
and the vial was capped allowing the analytes natural vapor pressure to be
exposed to the sensor. Absorption and emission spectra were taken before and
after the exposure of the sensor to the analyte.
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Both absorption and emission spectra showed intensity changes in all three
dyes dependent upon the analyte of interest. Percent change of the intensity of the
absorption and emission at the main dye peak are shown in Table 3.1.1. Generally,
the strongest analyte response is seen in the presence of amines in either the
absorbance or emission spectra of the sensors. In some analytes there is little to
no response seen in the absorption, but the emission spectra show strong intensity
changes. A majority of the emission spectra of the films showed an increase in the
signal intensity at the main dye peaks.
Rh640 showed lower analyte response in absorption when compared to
either Rh700 or Rh800. Only acetone, PA, BA, and DEA showed a noticeable
change in absorbance intensity. The strongest response of the Rh640 fluorophore
in the absorbance spectra was seen with exposure to DEA yielding a 31 %
increase in signal. In contrast, all the analytes showed appreciable increases in
emission intensity. Most noticeably DEA showed a 730 % increase in signal
intensity seen in Figure 3.1.1. Rh640 spectral changes to analytes can be seen in
full in Figures 3.2.4 through 3.2.11.
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Figure 3.1.1. Rh640 thin film on PVDF before and after 10 minutes of exposure to
25 μL of diethylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 368 nm), C) emission spectra (excitation wavelength: 565 nm).

A larger signal response to analyte exposure was seen with the Rh700
fluorophore in the absorption. Apart from 30 % hydrogen peroxide and IPA all of
the analytes showed appreciable changes in the absorbance intensity after
exposure. This was especially prevalent with the exposure of the sensor to the
primary amine analytes (EA, PA, and BA). All the amines including DEA and TEA
showed decreases in the absorbance intensity. When looking at the fluorescence
emission spectra, all the analytes show signal response as seen in Figures 3.2.12
to 3.2.19. Figure 3.1.2 shows the absorbance and emission spectra of the Rh700
fluorophore sensor before and after exposure to acetone. The highest sensor
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response with Rh700 was seen with the exposure to acetone in the emission
spectra which yielded a 1754 % increase in emission intensity.

B

A

C

Figure 3.1.2. Rh700 thin film on PVDF before and after 10 minutes of exposure to
25 μL of HPLC grade acetone. A) absorbance spectra, B) emission spectra
(excitation wavelength: 390 nm), C) emission spectra (excitation wavelength: 635
nm).

Interestingly Rh800 exposure to primary amines yielded the formation of
new peaks in both the absorbance and emission spectra. When looking at the
other analytes Rh800 showed appreciable changes in absorbance intensity for all
analytes except for TEA. All the analytes showed signal response in the emission
spectra as seen in Figures 3.2.20 to 3.2.27. Exposure of the Rh800 sensor to PA
can be seen in Figure 3.1.3 this figure also clearly shows the formation of new
peaks in both the absorption and emission spectra.
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Figure 3.1.3. Rh800 thin film on PVDF before and after 10 minutes of exposure to
25 μL propylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 412 nm), C) emission spectra (excitation wavelength: 675 nm).

The new peaks seen with the exposure to primary amines show the same peak
shape and peak position regardless of the primary amine to which the sensor was
exposed as seen in Figure 3.1.4. This overlap seen with the new peaks yields the
assumption that the nitrile group on carbon 9 of the xanthene backbone is reacting
with the primary amine molecule. The reaction between the rhodamine dye and
the primary amine analyte is seen in Scheme 3.1.2. The final product is a
secondary amine on carbon 9 of the xanthene backbone with the alkyl chain from
the primary amine as the second R group of the amine. This reaction was
confirmed via LCMS as seen in Figures 3.2.28 through 3.2.31.
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Figure 3.1.4. Rh800 thin film on PVDF absorbance and emission spectra
(excitation wavelength: 412 nm) after 10 minutes of exposure to 25 μL of primary
amine.

Scheme 3.1.2. Reaction scheme of Rh800 with primary amines.
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Figure 3.1.5. Percent change in absorbance intensity seen with the eight analytes
investigated.
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Figure 3.1.6. Percent change in emission intensity (from excitation at low energy
wavelength associated with the main absorbance of the dye) as a function of the
eight analytes investigated.

Absorbance
Emission
Rh640 Rh700 Rh800 Rh640 Rh700 Rh800
-3.8
-1.4
13
-18
5.1
9.4

Control
30%
-0.33
-2.1
20
140
200
25
H2O2
Acetone
14
19
180
290
1800
200
IPA
-0.63
-0.77
150
26
150
110
66-72%
-3.7
-69
-98
440
340
-77
EA
PA
11
-88
-81
130
230
-69
BA
17
-94
-97
520
180
-71
DEA
31
-88
-39
730
37
510
TEA
-3.9
-94
14
110
-58
510
Table 3.1.1. Percent change in absorbance and emission intensity seen as a
function of the eight analytes investigated on the three fluorophores used.
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Signal enhancements seen in the emission and absorbance spectra of
Figures 3.1.5 and 3.1.6 can likely be attributed to the breaking up of aggregated
dye molecules in the thin film xanthene layer. Aggregation of xanthene dyes is
attributed to fluorescence quenching and is often seen in highly concentrated
samples. The breaking of the aggregate molecules would therefore be associated
with an increase in the fluorescence signal of the xanthene.
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Conclusion
A three-layer sensor system was exposed to eight different analytes. Three
different fluorophores were used to create the sensors investigated in this study.
Looking at the magnitude of the change in intensity the absorption and emission
can all eight analytes can be differentiated from one another. Much of the response
to analytes yields an increase in signal intensity associated with a breaking up of
aggregates. Response to the amine analytes was the strongest across the three
fluorophores used. Interestingly, Rh800 showed the formation of new peaks in both
the absorbance and emission spectra when in the presence of primary amines.
These new peaks are associated with the conversion of the carbon 9 group of the
xanthene backbone from a nitrile to a secondary amine. The new product formed
in the presence of the primary amines shows a greatly enhanced fluorescence
when compared to the original dye and a blue shift in both the absorbance and
emission spectra.
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Section 3.2
Supporting information

Figure 3.2.1. FT-IR spectrum of PVDF thin film spin cast onto glass. The presence
of a shoulder around 1275 cm-1 and around 1234 cm-1 are indications of the
presence of β-phase PVDF and γ-phase PVDF respectively, the peak at 840 cm-1
indicates a combination of β- and γ-phase PVDF.
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Figure 3.2.2. Thickness measurement of thin film cast from 3 % PVDF solution in
9:1 acetone/DMF

Figure 3.2.3. Surface profile of thin film cast from 3 % PVDF solution in 9:1
acetone/DMF
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Figure 3.2.4. Rh640 thin film on PVDF control spectra before and after 10 minutes
of exposure. A) absorbance spectra, B) emission spectra (excitation wavelength:
368 nm), C) emission spectra (excitation wavelength: 565 nm).
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Figure 3.2.5. Rh640 thin film on PVDF before and after 10 minutes of exposure to
25 μL of 30 % hydrogen peroxide. A) absorbance spectra, B) emission spectra
(excitation wavelength: 368 nm), C) emission spectra (excitation wavelength: 565
nm).
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Figure 3.2.6. Rh640 thin film on PVDF before and after 10 minutes of exposure to
25 μL of HPLC grade acetone. A) absorbance spectra, B) emission spectra
(excitation wavelength: 368 nm), C) emission spectra (excitation wavelength: 565
nm).
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Figure 3.2.7. Rh640 thin film on PVDF before and after 10 minutes of exposure to
25 μL of isopropyl alcohol. A) absorbance spectra, B) emission spectra (excitation
wavelength: 368 nm), C) emission spectra (excitation wavelength: 565 nm).
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Figure 3.2.8. Rh640 thin film on PVDF before and after 10 minutes of exposure to
25 μL of 66-72 % ethylamine. A) absorbance spectra, B) emission spectra
(excitation wavelength: 368 nm), C) emission spectra (excitation wavelength: 565
nm).
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Figure 3.2.9. Rh640 thin film on PVDF before and after 10 minutes of exposure to
25 μL of propylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 368 nm), C) emission spectra (excitation wavelength: 565 nm).
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Figure 3.2.10. Rh640 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of butylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 368 nm), C) emission spectra (excitation wavelength: 565 nm).
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Figure 3.2.11. Rh640 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of triethylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 368 nm), C) emission spectra (excitation wavelength: 565 nm).
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Figure 3.2.12. Rh700 thin film on PVDF control spectra before and after 10
minutes of exposure. A) absorbance spectra, B) emission spectra (excitation
wavelength: 390 nm), C) emission spectra (excitation wavelength: 635 nm).

94

B

A

C

Figure 3.2.13. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of 30 % hydrogen peroxide. A) absorbance spectra, B) emission spectra
(excitation wavelength: 390 nm), C) emission spectra (excitation wavelength: 635
nm).
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Figure 3.2.14. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of isopropyl alcohol. A) absorbance spectra, B) emission spectra
(excitation wavelength: 390 nm), C) emission spectra (excitation wavelength: 635
nm).
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Figure 3.2.15. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of 66-72 % ethylamine. A) absorbance spectra, B) emission spectra
(excitation wavelength: 390 nm), C) emission spectra (excitation wavelength: 635
nm).
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Figure 3.2.16. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of propylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 390 nm), C) emission spectra (excitation wavelength: 635 nm).
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Figure 3.2.17. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of butylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 390 nm), C) emission spectra (excitation wavelength: 635 nm).
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Figure 3.2.18. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of diethylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 390 nm), C) emission spectra (excitation wavelength: 635 nm).
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Figure 3.2.19. Rh700 thin film on PVDF before and after 10 minutes of exposure
to 25 μL of triethylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 390 nm), C) emission spectra (excitation wavelength: 635 nm).
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Figure 3.2.20. Rh800 thin film on PVDF control spectra before and after 10
minutes of exposure. A) absorbance spectra, B) emission spectra (excitation
wavelength: 412 nm), C) emission spectra (excitation wavelength: 675 nm).
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Figure 3.2.21. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL 30 % hydrogen peroxide. A) absorbance spectra, B) emission spectra
(excitation wavelength: 412 nm), C) emission spectra (excitation wavelength: 675
nm).
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Figure 3.2.22. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL HPLC grade acetone. A) absorbance spectra, B) emission spectra
(excitation wavelength: 412 nm), C) emission spectra (excitation wavelength: 675
nm).
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Figure 3.2.23. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL isopropyl alcohol. A) absorbance spectra, B) emission spectra (excitation
wavelength: 412 nm), C) emission spectra (excitation wavelength: 675 nm).
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Figure 3.2.24. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL 66-72 % ethylamine. A) absorbance spectra, B) emission spectra
(excitation wavelength: 412 nm), C) emission spectra (excitation wavelength: 675
nm).
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Figure 3.2.25. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL butylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 412 nm), C) emission spectra (excitation wavelength: 675 nm).
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Figure 3.2.26. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL diethylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 412 nm), C) emission spectra (excitation wavelength: 675 nm).
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Figure 3.2.27. Rh800 thin film on PVDF before and after 10 minutes of exposure
to 25 μL triethylamine. A) absorbance spectra, B) emission spectra (excitation
wavelength: 412 nm), C) emission spectra (excitation wavelength: 675 nm).

Figure 3.2.28. LCMS spectra of Rh800 dye in acetonitrile.
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Figure 3.2.29. LCMS spectra of Rh800 dye after reaction with 66-72 % ethylamine
in acetonitrile.

Figure 3.2.30. LCMS spectra of Rh800 dye after reaction with propylamine in
acetonitrile.

Figure 3.2.31. LCMS spectra of Rh800 dye after reaction with butylamine in
acetonitrile.
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